Local control of mRNA translation has been proposed as a mechanism for regulating synapse-specific plasticity associated with long-term memory. We show here that glomerulus-selective plasticity of Drosophila multiglomerular local interneurons observed during long-term olfactory habituation (LTH) requires the Ataxin-2 protein (Atx2) to function in uniglomerular projection neurons (PNs) postsynaptic to local interneurons (LNs). PN-selective knockdown of Atx2 selectively blocks LTH to odorants to which the PN responds and in addition selectively blocks LTH-associated structural and functional plasticity in odorant-responsive glomeruli. Atx2 has been shown previously to bind DEAD box helicases of the Me31B family, proteins associated with Argonaute (Ago) and microRNA (miRNA) function. Robust transdominant interactions of atx2 with me31B and ago1 indicate that Atx2 functions with miRNA-pathway components for LTH and associated synaptic plasticity. Further direct experiments show that Atx2 is required for miRNA-mediated repression of several translational reporters in vivo. Together, these observations (i) show that Atx2 and miRNA components regulate synapse-specific long-term plasticity in vivo; (ii) identify Atx2 as a component of the miRNA pathway; and (iii) provide insight into the biological function of Atx2 that is of potential relevance to spinocerebellar ataxia and neurodegenerative disease.
Local control of mRNA translation has been proposed as a mechanism for regulating synapse-specific plasticity associated with long-term memory. We show here that glomerulus-selective plasticity of Drosophila multiglomerular local interneurons observed during long-term olfactory habituation (LTH) requires the Ataxin-2 protein (Atx2) to function in uniglomerular projection neurons (PNs) postsynaptic to local interneurons (LNs). PN-selective knockdown of Atx2 selectively blocks LTH to odorants to which the PN responds and in addition selectively blocks LTH-associated structural and functional plasticity in odorant-responsive glomeruli. Atx2 has been shown previously to bind DEAD box helicases of the Me31B family, proteins associated with Argonaute (Ago) and microRNA (miRNA) function. Robust transdominant interactions of atx2 with me31B and ago1 indicate that Atx2 functions with miRNA-pathway components for LTH and associated synaptic plasticity. Further direct experiments show that Atx2 is required for miRNA-mediated repression of several translational reporters in vivo. Together, these observations (i) show that Atx2 and miRNA components regulate synapse-specific long-term plasticity in vivo; (ii) identify Atx2 as a component of the miRNA pathway; and (iii) provide insight into the biological function of Atx2 that is of potential relevance to spinocerebellar ataxia and neurodegenerative disease.
learning | polyglutamine expansions | inclusion bodies | stress granules I n the mammalian brain, single neurons form up to 100,000 different synapses whose weights may be regulated independently during learning. In principle, the synapse-specificity of short-term plasticity may be explained simply by the restriction of signaling events to active synapses. However, synapse-specific long-term plasticity, which depends on products of nuclear gene expression that would be available in a cell-wide manner, clearly depends on distinct synaptic tags that mark only active synapses (1) .
Several lines of evidence suggest that activity-regulated local translation of synaptic mRNAs normally stored in a repressed state contributes to the synapse-specificity of long-term plasticity (2, 3) . Consistent with this idea, several translational control molecules, such as fragile X mental retardation 1 protein, Staufen, cytoplasmic polyadenylation element binding protein/Orb2, and the Gld2 polyA polymerase, are required in Drosophila for longterm but not short-term memory (4) (5) (6) (7) . In the context of identified synapses, local protein synthesis is required for cAMP response element-binding protein (CREB)-dependent, synapse-specific long-term plasticity in cultured Aplysia sensorimotor synapses: Here, postsynaptic translation may trigger a retrograde signal, which in turn stimulates local translation at presynaptic terminals (8) (9) (10) . However, in vivo, the requirement for and regulation of local protein synthesis at synapses remains poorly understood, in part because of the paucity of preparations in which behavioral learning arises from plasticity within a defined, experimentally convenient, neural circuit.
Recent work has shown that long-term olfactory habituation (LTH), a phenomenon in which sustained exposure to an odorant results in a decreased behavioral response, arises through plasticity of synapses between local interneurons (LNs) and projection neurons (PNs) in the Drosophila antennal lobe (11, 12) . Although LTH requires the transcription factor CREB2 to function (globally) in a multiglomerular class of LNs, LTH is odorant selective and associated with glomerulus-selective (and hence local) structural and physiological plasticity (Fig. 1A) . In screening candidate RNA-binding proteins for potential roles in PNs during LTH, we identified Ataxin-2 (Atx2), a molecule of considerable interest for its known involvement in the human neurodegenerative disease spinocerebellar ataxia-2 (SCA2).
Expansion of a polyglutamine tract in human Atx2 from about 22 (normal) to >32 (pathogenic) glutamines causes degeneration of cerebellar Purkinje cells (13) . While Atx2 has been implicated in many different biological functions (13, 14) , it is generally believed to function in RNA regulation (15) (16) (17) (18) . Evidence for this role comes from biochemical and cell biological studies of the protein or its evolutionarily conserved orthologs in Caenorhabditis elegans, Saccharomyces cerevisiae, and Drosophila melanogaster. In C. elegans, Atx2 is required in postembryonic germline cells for appropriate translational control of GLD-1-and MEX-3-target mRNAs (17) . Atx2 binds the RNA regulatory proteins, polyA-binding protein (PABP) and Me31B/RCK/ Dhh1p/CGH-1, through domains also required for its observed assembly with polyribosomes (15) (16) (17) . At a cell biological level, Atx2 function has been shown to regulate the assembly of Pbodies and stress granules, distinct cytoplasmic messenger ribonucleoprotein particles that contain translationally repressed mRNAs, together with the translational repressor Me31B/RCK/ Dhh1p (15, (19) (20) (21) (22) (23) .
Significantly, both the proteins and cytoplasmic structures with which Atx2 associates have been linked to translation repression by microRNAs (miRNAs), a class of small, noncoding RNAs that bind complementary sequences in mRNA 3′UTRs and repress translation via the RNA-induced silencing complex (RISC) (20, 22, (24) (25) (26) (27) (28) (29) (30) (31) (32) . Furthermore, miRNAs and miRNA components have been linked either to long-term memory in Drosophila or to synapse-specific long-term plasticity in cultured Aplysia sensorimotor synapses (5, 33, 34) .
We show that (i) Atx2 functions in olfactory projection neurons for LTH as well as associated glomerulus-selective physiological and structural plasticity; (ii) Atx2 functions in LTH with the known miRNA-pathway proteins Argonaute 1 (Ago1) and Me31B; and (iii) Atx2 is part of a general machinery required for efficient miRNA-mediated translational repression.
Results
Atx2 Is Required for LTH and Associated Structural Plasticity. When tested in a Y-maze apparatus, flies exposed to either 15% CO 2 or 5% ethyl butyrate (EB) for 30 min show a reduced aversive response that lasts less than 1 h (short-term habituation, STH). In contrast, flies exposed to 5% CO 2 or 20% EB for 4 d show reduced aversion for days (LTH) and reduced odor-evoked responses in respective odor-responsive PNs, together with CREB-dependent growth of odor-responsive glomeruli (V and DM2/DM5, respectively) (11, 12) . In this well-defined behavioral and synaptic context (Fig. 1A) , we asked whether PNs require Atx2 for LTH and associated synapse-specific structural plasticity.
Expression of a UAS-Atx2RNAi construct in GH146-expressing neurons responsive to EB but not to CO 2 (GH146Gal4/UASAtx2RNAi) completely blocked LTH to EB without altering LTH to CO 2 (Fig. 1B) . Atx2 knockdown in GH146-expressing PNs blocked LTH to EB but had no effect on either STH to EB or the EB-avoidance response ( Fig. 1C and Fig. S1A ). Similarly, knockdown of Atx2 in the CO 2 -responsive VPN (VPNGal4;UASAtx2RNAi/+) selectively blocked LTH to CO 2 without altering either STH to CO 2 or the naive olfactory response to CO 2 ( Fig. 1 B and C and Fig. S1A ). Thus, Atx2 is selectively required in glomerulus-specific PNs for odorant-selective LTH.
Two observations argue that Atx2 functions in adult neurons for LTH. First, both baseline behavioral responses to odorants and STH are normal in animals after Atx2 knockdown in PNs, indicating relatively normal development of the olfactory system ( Fig. 1C and Fig. S1A ). Second and more direct evidence is the selective block in LTH to EB seen following adult-specific knockdown of Atx2 in EB-responsive PNs using the TubGal80 ts system (Fig. S1B) .
Atx2 knockdown in odor-responsive PNs blocks not only olfactory LTH but also the LTH-associated increase in the volume of behaviorally relevant glomeruli ( Fig. 1D and Fig. S1 D and E). Thus, following 4 d of EB exposure, GH146Gal4/UAS-Atx2RNAi flies, which do not show LTH, also show no increase in the volume of either the DM5 glomerulus (Fig. 1D) , previously shown to mediate the aversive response to this odorant (35) , or the EB-responsive DM2 glomerulus (Fig. S1E) . In contrast, the same GH146Gal4/UAS-Atx2RNAi flies show normal LTH to CO 2 and robust increases in the volume of the VPN glomerulus in response to 4-d CO 2 exposure as observed in control flies ( Fig.1D and Fig. S1D ). Similarly, VPNGal4;UAS-Atx2RNAi/+ flies do not show LTH to CO 2 or associated growth of the V glomerulus but display normal EB-induced LTH and EB-associated growth of DM5 ( Fig. 1D and Fig. S1D ). Thus, Atx2 is required in A B C D Fig. 1 . Atx2 is required in odorant-selective PNs for olfactory LTH but not for STH. (A) Glomerulus-specific plasticity during LTH requires CREB2 function in the LN1 subclass of GABAergic, multiglomerular LNs together with unidentified synapse-specific factors. EB LTH is associated with increased inhibition (arrow) in DM5 and DM2 glomeruli innervated by GH146 expressing PNs; CO 2 LTH is associated with increased inhibition of the V glomerulus innervated by the "V" PN marked by VPNGal4. (B and C). Odor avoidance (normalized to percent control). Flies were exposed (black bars) or mock exposed (white bars) to odorant for 4 d (B) or 30 min (C) (B) Control UAS-Atx2RNAi/+ flies show normal LTH to EB. GH146Gal4/UAS-Atx2RNAi flies show no LTH to EB but normal LTH to CO 2 . Control UAS-Atx2RNAi/+ flies show normal LTH to CO 2 . VPNGal4;UAS-Atx2RNAi/+ flies show no LTH to CO 2 but normal LTH to EB. White bars represent paraffin-or air-exposed controls. (C) Control UAS-Atx2RNAi/+, GH146Gal4/UAS-Atx2RNAi, and VPNGal4;UASAtx2RNAi/+ flies display normal STH (black bars). VPNGal4/+ and GH146Gal4/+ flies also show normal STH and LTH (11) . White bars represent naive flies tested before odorant exposure. Additional controls are shown in Table S1 for all behavior experiments. n = 10-19 glomeruli for each data point for all RNAi-based volume experiments.
specific PNs for the glomerulus-selective structural plasticity that accompanies odorant-selective LTH.
Atx2 Is Required in PNs for LTH-Associated Physiological Change.
Normal LTH to EB is associated with an experience-dependent reduction in the EB-evoked physiological response of DM2 and DM5 PNs. This reduction can be measured in vivo by imaging odor-evoked calcium transients in PNs of flies expressing the genetically encoded calcium sensor, GCaMP3 ( Fig. 2) (11) .
To test whether this LTH-associated physiological plasticity requires Atx2 function in PNs, we imaged and quantified EBevoked calcium fluxes in PN dendrites of 4-d EB-exposed and mock-exposed GH146Gal4, UAS-GCaMP3/UAS-Atx2RNAi flies (which do not show LTH to EB) and compared these results with normally habituating GH146Gal4,UAS-GCaMP3/+ controls. In DM2 and DM5 of GH146Gal4, UAS-GCaMP3/UAS-Atx2RNAi flies, 4-d EB exposure caused significantly less change in EBevoked PN responses than in control animals ( Fig. 2 A-C) . Thus, Atx2 function in projection neurons is required for the synapsespecific physiological plasticity associated with LTH (11).
Atx2 Functions with Argonaute and Me31B for LTH. Biochemical interactions of Atx2 orthologs in Drosophila and other organisms point to an interesting potential mechanism through which Atx2 regulates synapse-specific long-term plasticity required for LTH (Fig. 3A) . In particular, Atx2 binding to Me31B and PABP orthologs (15) (16) (17) , which in turn interact with other core miRNApathway proteins, GW182 and Argonaute (Fig. 3A) , suggests that Atx2 may regulate miRNA-mediated translational repression directly (24, 28, (30) (31) (32) . Could the function of Atx2 in LTH reflect a role in the miRNA pathway?
To address this question, we looked to see if strong dominant genetic interactions were evident between atx2 X1 and mutations affecting core components of the miRNA pathway (5) . First, we analyzed LTH and STH in ago1 K08121 /+; atx2 X1 /+ doubleheterozygote animals and compared these behaviors with those of single-heterozygote controls. The results were striking. Although STH to EB and CO 2 was normal in double heterozygote ago1 K08121 /+; atx2 X1 /+ animals, LTH to both EB and CO 2 was completely abolished (Fig. 3 B and C) . In contrast, control +/+; Quantitative analysis (expressed as percent of activity in mock-exposed flies) shows a significant reduction in the activity of the EBresponsive glomeruli DM2 and DM5 (***P < 0.001) in GH146Gal4, UASGCaMP3/+ EB-exposed flies; this reduction is not seen in EB-exposed flies with reduced levels of atx2 (GH146Gal4, UAS-GCaMP3/UAS-Atx2RNAi). Raw mean response values and n values are shown in Table S3 . /+ double heterozygotes do not show DM5 glomerular growth in response to 4-d exposure to EB. Normal growth is restored when an atx2 genomic rescue construct is expressed. Bars show mean ± SEM. ***P < 0.001,*P < 0.05 decrease for behavior, increase for volume. n = 6-18 glomeruli for each data point for all transheterozygote-based volume experiments.
atx2
X1 /+ and ago1 K08121 /P[atx2 + ]; atx2 X1 /+ animals showed normal LTH to both odorants (Fig. 3 B and C and Fig. S2 A and B) . The observation that the atx2 genomic rescue construct P[atx2 + ] restored normal LTH to ago1 K08121 /+; atx2 X1 /+ flies also shows that altered LTH in the double-heterozygote flies is caused specifically by a defect in atx2 (Fig. 3 B and C and Fig. S2 A and B) .
In a similar experiment we examined LTH and STH in me31B Δ2 /+; atx2 X1 /+ double-heterozygote animals exposed to EB or CO 2 . Again, these double heterozygotes showed no LTH but normal STH. The defects in LTH were not observed in +/+; atx2 X1 /+ or me31B Δ2 /P[atx2 + ]; atx2 X1 /+ animals ( Fig. 3 B and C and Fig. S2 A and B) , further confirming the involvement of atx2.
LTH-associated structural plasticity also was blocked in ago1 K08121 /+ flies showed normal odor-induced structural plasticity ( Fig. 3D and Fig. S2C ).
These data indicate that Atx2 functions in odorant-selective LTH as well as in glomerulus-selective structural plasticity through a pathway that depends on Ago1 and on Me31B, two proteins previously linked with miRNA-driven translational control. Consistent with this hypothesis, RNAi-based knockdown of Me31B in EB-responsive PNs mimics the effects of Atx2 knockdown (Fig.  1B) , causing a specific defect in LTH to EB (Fig. S1C) . 
in wing imaginal discs, a tissue in which the function and activities of endogenous miRNAs can be analyzed conveniently (32, 36) .
To reduce levels of endogenous Atx2 in identified subpopulations of wing imaginal disc cells, we used either a patched Gal4-driven RNAi construct (UAS-Atx2RNAi) against atx2 or the Flippase recognition target-Flippase (FRT-FLP) recombinase system to generate genetic-mosaic animals carrying clusters of homozygous atx2 X1 /atx2 X1 mutant cells in the wing imaginal discs of hs-flp;+/+; FRT82B, atx2 X1 /FRT82B, arm-lacZ (Fig. 4 A-G; Fig. S3 and Fig. S4 A-G) . Homozygous mutant atx2 X1 /atx2 X1 cells were identified using either an Atx2 antibody (Fig. S3 A and C) or a surrogate, anti-lacZ staining, which here labels all cells except the atx2 X1 /atx2 X1 mutant clones generated by mitotic recombination (Fig. S3C) .
To examine Atx2 function in the miRNA pathway, we generated such clones in a genetic background that included any one of a number of transgenically encoded, miRNA-dependent translational reporters and assessed how loss of Atx2 affected GFP expression of these reporters. We used reporters for head involution defective (hid), bantam (32, 37), mir12, costal-2 (38), and sickle (39). The hid, sickle, and costal-2 reporters consist of the 3′ UTR of hid, sickle, or costal-2, respectively, placed downstream of GFP-coding sequences under the control of a tubulin promoter. The 3′ UTR of hid is repressed by endogenous bantam miRNA (37) and that of sickle by miR2b (39). The bantam and miR12 reporters consist of two copies of the bantam target recognition sequence or four copies of the miR12 target recognition sequence, respectively, also downstream of GFP-coding sequences.
Atx2-deficient cells had a noticeable reduction in the intensity of Me31B and Ago1 staining (Fig. S3 A and B) , suggesting that in vivo Drosophila Atx2 is necessary for maintaining Me31B particles potentially involved in miRNA-mediated translational repression (20, 22, 26) . In addition, and consistent with a defect in (Fig. 4 A and A′) The increased hid reporter levels in atx2 X1 / atx2 X1 mutant cells were not observed if similar clones also expressed a wild-type atx2 genomic transgene (Fig. 4 G and G′) . This observed genetic rescue (Fig. 4G) confirms that the increase in hid-reporter expression in atx2 X1 /atx2 X1 cells is caused by the absence of atx2 and not by any other unknown potential mutation on the FRT82B,atx2 X1 chromosome. Thus, as predicted by its biochemical and genetic interactions with various miRNA-pathway components (Fig. 3) , Atx2 is required for optimal repression of a miRNA reporter in vivo.
Further experiments confirmed that this requirement reflects a broad requirement for Atx2 function for the repression of many different miRNA-target genes. Clones of atx2 X1 /atx2 X1 cells also show increased expression of the sickle (Fig. S4 A and A′), bantam (Fig. S4 B and B′), and miR12 (Fig. 4 B and B′) reporters. Given that the latter two reporters are regulated by artificial UTRs engineered to be repressed solely through the miRNA pathway (37, 38) , these data strongly argue that Atx2 is broadly required for miRNA function.
In contrast to the other four miRNA reporters, costal-2 reporter expression was not increased detectably in atx2 X1 /atx2 X1 cells ( Fig. 4 C and C′) . This result was surprising, because the costal-2 reporter is similar to the other reporters in being repressed by miRNAs through a mechanism that requires Dicer-1 (Dcr-1), the endonuclease involved in miRNA biogenesis ( Fig.  S4 C-E) (25) . Therefore, Atx2 is required only for repression of a subset of miRNA targets. We considered a model in which Atx2 functions in only one of two miRNA-repression pathways recently distinguished in Drosophila (40, 41, 42) . Although produced by Dcr-1, miRNAs may repress translation by one of two alternative pathways: either through an Ago1-RISC that requires GW182 or through an Ago2 RISC via a poorly understood GW182-independent mechanism (40, 41, 42) . To test the possibility that Atx2 would be required exclusively for the Ago1/GW182-dependent pathway, previously shown to be required for bantam miRNA function (43, 44) , we examined how the various reporters were affected by knockdown of GW182.
To knock down GW182 in identified groups of cells, we used the FLP-out technique to overexpress a transgenic RNAi construct against GW182 in wing imaginal discs expressing hid, miR12, or costal-2 reporters. Cells expressing a GW182RNAi construct (labeled by anti-lacZ staining) showed visibly increased expression of the Atx2-sensitive hid and miR12 reporters (Fig. 4  D, D′, E, and E′) but no up-regulation of the Atx2-insenstive costal-2 reporter (Fig. 4 F and F′) .
To understand why the costal-2 reporter could be insensitive to GW182 (or Atx2) knockdown, we examined the sequence of its 3′ UTR and found it to contain not only target sites for miR12 and miR283, as reported earlier (38) , but also two binding sites for miR277. This finding is significant because, unlike the majority of Dcr1-dependent miRNAs, miR277 is loaded preferentially onto Ago2-RISC complexes because of the extensive basepairing between its miRNA and miRNA* strands (40) (41) (42) . Thus, our observations suggest that Atx2, although necessary for GW182-dependent repression through Ago1-RISC, may not be necessary for Ago2-RISC-dependent repression.
This tentative model is supported by the observation that RNAi-induced, Ago-2-dependent eye phenotypes also are not sensitive to knockdown of Atx2. Knockdown of the caspase inhibitor Drosophila inhibitor of apoptosis (DIAP) by GMRGal4-driven expression of UAS-DIAPRNAi results in significantly smaller eyes because of increased apoptosis. The cell-death phenotype is suppressed if Ago2 levels are reduced by simultaneous expression of UAS-Ago2RNAi (Fig. 4 H and I) (45) . However, similar coexpression of a functional UAS-Atx2RNAi (or UAS-GFPRNAi) does not alter phenotypes of GMRGal4;UASDIAPRNAi flies (Fig. 4 J and K and Fig S4 F and G) .
Taken together with prior evidence that Atx2 associates physically with Me31B and PABP, two proteins required for the Ago1-RISC pathway, these data indicate that Atx2 is part of a core pathway required for miRNA-mediated translational repression. However, Atx2 may be dispensable for repression by the Ago2-RISC pathway.
Discussion
Atx2 and miRNAs Regulate Synapse-Specific Long-Term Memory. The circuit that underlies LTH allows experience-induced, synapsespecific plasticity to be examined in the context of behavioral memory (Fig. 1A) . Previous pioneering work in cultured Aplysia sensorimotor synapses has led to a model in which CREB-dependent nuclear gene expression provides global (cell-wide) control of long-term facilitation. This facilitation can be restricted to specific synapses, in part through the synapse-specific local translation of stored mRNAs, which also is required for long-term plasticity (8, 10, 34, 46) . In the context of olfactory LTH, which is driven by the plasticity of inhibitory LN-PN synapses in the antennal lobe, our previous work has shown that CREB function is required globally in a multiglomerular class of LNs for LTH to CO 2 and EB (11) . We now show that LTH additionally requires Atx2 in postsynaptic PNs for the glomerulus-restricted plasticity necessary for odorant-selective LTH (Fig. 1B) . Knockdown of Atx2 in adultstage PNs selectively blocks LTH without affecting either basal odorant response or STH ( Fig. 1 B and C and Fig S1 A and B) . This distinctive phenotype also is shown following Me31B knockdown in PNs (Fig S1C) or in animals doubly heterozygote for atx2 and ago1 or atx2 and me31B (Fig. 3B and Fig. S2A ). When taken together with independent observations that Atx2 is required for efficient miRNA function, these very strong genetic interactions point to a role for Atx2 in miRNA-mediated translational control in the regulation of long-term memory.
We hypothesize that, under appropriate circumstances, NMDA receptor activation in PN dendrites may trigger local protein synthesis, perhaps through RISC degradation (33, 47) , giving rise to a retrograde signal from PNs to LNs that in turn stimulates or synergizes with the cell biological changes required for glomerulus-limited, long-term plasticity. Our data do not demonstrate that Atx2 and Me31B function in local translation of synaptic mRNAs, but they do show a specific requirement for Atx2 and Me31B for miRNA function and synapse-specific LTH (but not STH) and thus provide a strong argument for local translation of synaptic mRNAs being the underlying mechanism by which these proteins regulate synapse-specific long-term plasticity in vivo.
The proposed need for postsynaptic translation and postulate of retrograde signaling are consistent with recent observations and models explaining long-term synaptic facilitation in Aplysia (8, 10) . In Drosophila, these models may be tested and elaborated through further genetic and in vivo studies and may lead to an understanding of the local and global mechanisms and their interactions that regulate long-term synaptic plasticity.
Atx2 Is Required for miRNA-Mediated Translational Repression. An important finding is that Atx2 is required for translational repression of four different miRNA reporters. Taken together with prior evidence, in particular that Atx2 binds two known components of the miRNA pathway, this finding indicates a wide and general requirement for Atx2 in miRNA-mediated translational repression.
However, Atx2 is not required for silencing of the costal-2 reporter, an observation we suggest may be explained by costal-2 reporter's repression by a possibly Atx2-independent RISC complex. Previous work has shown that miRNAs partition between two different silencing complexes, Ago1-RISC and Ago2-RISC (40); in contrast, siRNAs associate almost exclusively with Ago2-RISC (41, 42) . Ago1-RISC and Ago2-RISC silence mRNAs by different mechanisms: Ago1-RISC is characterized by its dependence on GW182 (29, 41, 48) . The specific pathway that produces an miRNA or siRNA does not require that small RNA to associate with a particular Ago protein (40, 42) . Thus, although bantam and miR-277 miRNAs are produced by Dcr1, bantam associates exclusively with Ago1-RISC, whereas miR-277 is loaded into the Ago2 pathway (40, 42, 43) . This loading of miR-227 occurs because, in contrast to the bantam microRNA, which has several bulges and mismatches, the duplex precursor to miR-277 strongly resembles an siRNA precursor with a high degree of perfect matching (40) .
By demonstrating that loss of Atx2 causes up-regulation of GW182-or Ago1-dependent miRNA reporters, our results identify Atx2 as a frequently used component of the Ago1-GW182 RISC pathway. Loss of Atx2 does not affect repression of the GW182-insensitive costal-2 reporter, possibly repressed via the Ago2-RISC pathway (Fig. 4 C and C′ and Fig. S4 E and E′) . This observation, combined with the insensitivity of the RNAi pathway to Atx2 knockdown in the Drosophila eye, suggests that Atx2 may not be required for Ago2-RISC function (Fig. 4 H-K and Fig. S4 F and G) .
Atx2's role in the Ago1-miRNA pathway raises the question as to how Atx2 influences miRNA-mediated translational repression. Uncovering Atx2's molecular mechanism of action is complicated by lack of consensus as to how miRNAs regulate gene expression (30, 49, 50) . However, Atx2 is likely to function through its interactions with PABP [mediated by its PABPinteracting motif 2 (PAM2) domain] or Me31B [via its Like Sm (Lsm) and Like-Sm-associated domain (LsmAD) domains]. Three possible models are considered in Fig. 5 . Under appropriate conditions, Atx2 interactions with PABP could help break eukaryotic initiation factor (eIF) 4G eIF4g-PABP interactions required for efficient translational initiation (30, 49) . In addition, directly or through interactions with Me31B, Atx2 may help recruit either of two deadenylase complexes that promote mRNA deadenylation and consequent repression (19, 30, (51) (52) (53) .
Implications for Human Neurodegenerative Disease. The identification of Atx2 as a core component of the neuronal and nonneuronal miRNA repression machinery has implications for understanding spinocerebellar ataxias and some forms of amyotrophic lateral sclerosis (54) . Several studies underline the importance of functional components of the miRNA repression machinery in the mammalian brain. Bilen et al (55) demonstrated that miRNAregulated activities play a role in polyglutamine-induced neurodegeneration. In addition, prior work has shown that Atx2 is required for pathogenic forms of Atx1 and Atx3 to induce neurodegeneration in Drosophila, suggesting a potentially common pathway for neuronal loss in different ataxias (56) . Loss of Dcr1 function results in microcephaly and progressive neurodegeneration, consistent with a model in which miRNA function is required for maintaining the adult nervous system (57) . Given Atx2's involvement in human neurodegenerative disease, our findings may help illuminate some of the phenotypes and symptoms of SCA2 patients and also may illuminate possibly common pathways for neuronal loss in different neurodegenerative conditions.
If altered miRNA function contributes to neurodegeneration in SCA2 or related diseases, then it is possible that these diseases arise because of altered regulation of a subset of Atx2-target mRNAs in neurons. The identification and study of such target mRNAs may contribute to further understanding and potential therapeutic strategies.
Materials and Methods
Fly Stocks. Fly stocks were grown at 25°C unless mentioned otherwise on standard medium containing yeast. Wild-type (Oregon R and CS) were from Ramaswami and Rodrigues laboratory stocks. UAS-Atx2RNAi (II) (34955), UAS-GW182RNAi (II) (45772), UAS-Me31BRNAi (II) (49379), and UAS-Ago2-RNAi (II) (49473) were from the Vienna Drosophila RNAi Center stock collection. UAS-Me31BRNAi (X) (4916R-1) was from the National Institute of Genetics-FLY collection. Validation of UAS-Atx2RNAi is shown in Figs. S3A and S4 F and G. UAS-Me31BRNAi (X,II) were previously validated (32). GH146Gal4 was from R. Stocker; VPNGal4 from L. Vosshall; NP225Gal4 and LN1Gal4 were from K. Ito; UAS-GCaMP3 was from L. Looger; FRT82B,atx2
X1
and UAS-Atx2 were from L. Pallanck; Me31B Δ2 was from A. Nakamura; FRT82B,dcr1 Q1147× was from R. Carthew; ago1 K08121 was from J. Dubnau;
tubulin-GFP-3′UTRhid, tubulin-GFP-3′UTRsickle, and tubulin-GFP-bantam were from J. Brennecke and S. Cohen; tubulin-GFP-miR12 and tubulin-GFPcostal2 were from P. Therond; GMR;UAS-DIAPRNAi was from A. Muller; and ptcGal4, tubulin-Gal80 ts , act > CD2 > Gal4, hsflp, FRT82B, armlacZ, UAS-LacZ, and UAS-GFP were from the Bloomington stock center.
Immunohistochemistry. Primary antibodies used were rabbit anti-Ataxin-2 at 1:1,000 (a gift from L. Pallanck), mouse anti-Me31B at 1:100 (a gift from A. Nakamura), rabbit anti-Ago1 at 1:1,000 (Abcam), mouse anti-GFP at 1:300 (Sigma), chicken anti-GFP at 1:1,000 (Molecular Probes), and mouse anti-LacZ at 1:1,000 (Molecular Probes). Secondary antibodies used were Alexa 488-and Alexa 555-conjugated anti-rabbit, anti-chicken, and anti-mouse IgG (Molecular Probes).
Wing Disc Clone Induction. Mitotic recombination clones were induced 48 ± 2 h after egg laying in staged larvae by heat shock at 37°C for 2 h. Larvae were dissected 3 d later, fixed in 4% formaldehyde for 20 min, washed, blocked, and stained using standard conditions. Larval genotypes for FRTbased mitotic clones were hsflp; (tubulin-GFP-hid/miR12/costal2/bantam/ sickle reporter); FRT82B, (atx2
)/ FRT82B,armLacZ. Larval genotypes for act-Gal4 flip-out clones were hsFLP/act > CD2 > Gal4;UASGW182RNAi/UAS-lacZ; (tubulin-GFP-hid/miR12/costal-2/bantam/sickle reporter). Only female larvae were dissected for the flip-out-based clones.
Imaging of Fixed Preparations. Larval wing discs were mounted in Vectashield (Vector Labs) and imaged by confocal microscopy on a Zeiss LSM510 confocal microscope. A 20× lens and digital zoom were used. Adult preparations were done as previously described (11) .
Imaging Calcium Dynamics. Calcium dynamics imaging was carried out essentially as described (11) using two-photon imaging of the olfactory lobes in an isolated brain preparation. Briefly, fly brains were embedded in 2.5% low-melting-point agarose in a manner that exposed the olfactory lobes while retaining connection to the antennae. For odor stimulation, each preparation was challenged with 2-s 0.5% EB odor pulses, spaced 120 s apart, injected into a constant airflow (1 L/min). The resulting responses were captured (250 ms per frame) using a Zeiss 510 confocal microscope coupled to a Chameleon ultrafast laser (930 nm excitation; Coherent). Changes in fluorescence were analyzed using a custom Matlab script. F values, representing the mean pixel intensity for each time slice within the user-defined region of each glomerulus, were recorded, and ΔF/F% plots were calculated using the following formula: ΔF t /F% = (F 1 − F B ) / F B ) × 100 where F t is the fluorescence at time point t and F B is the mean of the fluorescence in the 10 time points preceding the odor-evoked response. Values were calculated ( R ΔF/F dT) as the average area under the curve for each sequential 0.5-s time bin over the duration of the recorded response (0-5.5 s) to produce a mean response trace. Values were added to produce a full area under the curve value for each individual response and then were compared between treated and control groups and across genotypes using a two-way ANOVA, followed by student Newman-Keuls post hoc testing.
Assaying the Olfactory Response and Inducing LTH and STH. The olfactory response was assayed, and LTH and STH were induced as previously described (11) . In brief, olfactory responses were measured in sets of 25-35 flies tested in a glass Y-maze apparatus, in which their preference for an odorant-containing arm was compared with that for an odorant-free arm. The avoidance response index (RI) (the difference between the two arms/total flies) was determined as an average ± SEM computed over multiple (n) sets as indicated for each experiment. STH is evidenced as reduced RI after 30 min exposure to an odorant (5% EB or 15% CO 2 ). LTH is evidenced by reduced RI after 4-d exposure to the odorant (20% EB or 5% CO 2 ). RI is normalized as percent control [behavioral response (%)].
Light Microscopy. Compound eyes of male flies (1-2 d old) were imaged using a Leica MZ16FA with a DFC 4S camera and Leica Application Suite Software.
Volume Measurements. Adult brains stained with nc82 (anti-Bruchpilot) antibodies were imaged, and glomerular volumes were determined as previously described (11) with the experimentalist blind to the genotype of the sample being analyzed.
Genomic Rescue
Construct. An Atx2-containing BAC was obtained from the Children's Hospital Oakland Research Institute (CHORI) BAC/PAC Resource Center. The atx2 genomic locus including the upstream and downstream regions was cloned into P[acman] using recombineering techniques (58) . The resulting 10.4-kb construct, genomic coordinates 11232657-112430820 (forward primer, GCACGTATCCGTTTGGACTT; reverse primer, ACGCCCAA-TAACCATCTGAA), was injected into the VK00037 landing site (58) on the second chromosome using phi-C31 integrase (Best Gene). The transgene rescued the lethality of atx2 X1 / atx2 l(3)06490 flies.
